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AFM-Based Lithography for
Nanoscale Protein Assays

scanning probe lithography offers new possibilities for
nanoscale investigations of protein binding.

I

Johnpeter Ngunjiri • Jayne C. Garno
Louisiana State University

magine the tremendous revolution in medical diagnostics if we had the ability to screen
thousands of proteins in an immunosensing array by using a single drop of serum and a biochip the size of
the head of a pin! Scientists have begun to explore the frontier
of nanoscale chemistry to attain the ultimate miniaturization
for protein assays by using atomic force microscopy (AFM). Of
course, we have a long way to go before we achieve such futur© 2 0 0 8 Am e r i c a n C h e m i c a l S o c i e t y

istic technology. At this point, researchers have begun
to develop analytical methods for detecting proteins by
using nanoscale surface assays. This article describes recent
efforts to develop nanoscale protein assays with AFM-based
lithography.
There are many practical reasons for developing protein
assays at the nanoscale. New information can be gained to
address fundamental questions about protein binding and
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biological function. Adhesion (e.g., protein–nucleic acid, protein–protein, and between small molecules), elasticity, and
morphology (visualization of the arrangement and the orientation of biomolecules with molecular resolution) data can
be obtained over time. Moreover, these data sets can provide
crucial scientific information regarding multiprotein assemblies that has not yet been obtained using microscale arrays.
Miniaturization provides additional rewards, such as reduced
quantities of analytes and reagents, increased density of sensor
and chip elements, and faster reaction response. Array-based
technologies in proteomics, including protein-based biochip
and biosensing devices, will significantly advance biotechnology, clinical diagnostics, tissue engineering, and targeted drug
delivery.
The reliability, selectivity, and sensitivity of protein biosensors and biochips greatly depend on the affinity and viability
of surface-bound biological components. One of the analytical
challenges with biochips and biosensors is that surface-bound
bioassays often are not as sensitive as solution-chemistry methods. One problem is that some proteins become denatured
when bound to a surface, which makes it difficult to predict
how much of the surface is still viable for binding. Another
problem is that confining molecules to a surface may reduce
the accessibility of binding sites (1).
Nanoscale assays provide tremendous new possibilities for
directly detecting and visualizing the binding of antibodies
to immobilized protein layers in situ, analogous to time-lapse
photography. In nanoscale protein assays, AFM can be applied
as a tool for fabrication and characterization. Nanostructures
written by a tip provide highly controllable test environments
for exquisite images of protein binding. Researchers can use
AFM to obtain close-up views of structural changes when proteins bind to surfaces and to explore the surface chemistry of
selected nanosized areas by using advanced imaging modes to
acquire information with simultaneously acquired channels of
phase or frictional force images.

Chemistry of SAMs

Z range (nm)

Self-assembled monolayers (SAMs)—such as alkanethiols on
atomically flat gold surfaces, or alkylsilanes on glass, mica,
or silica surfaces—have been applied successfully for linking
proteins to surfaces (2). The first step in designing a surfacebound bioassay is to choose the appropriate chemistries for attaching proteins. Unfortunately, when proteins bind randomly
and nonspecifically to surfaces during drying, denaturation
can occur (1, 3, 4). For many proteins, the structure and activity can be destroyed by the drying step during microspotting.
To maximize the binding activity of proteins for surface
assays, gentle chemistries are required that preserve the tertiary structure and activity of fragile biomolecules. A spacer or
linker molecule that attaches proteins to a surface enables proteins to retain their functionality (5, 6). Close-packed SAMs
can be easily and reproducibly prepared and offer a wide variety
of functional groups to bind proteins (Figure 1a). The chemical and physical properties of various ω-functionalized monolayers, such as alkyls, amides, esters, alcohols, and nitriles, have
been studied on flat gold surfaces (7, 8). Thus, a broad range
of SAM molecular head groups is available for designing linker
chemistries. When proteins are immobilized on SAMs, the
linker groups can mimic the role of biological membranes in
preserving protein structure (9, 10).
An AFM topographic image is essentially a map of surface
heights. The color scales for AFM topographs in this article
show bright colors for tall features and dark colors for shallow
features. Few surfaces are truly flat from an atomic perspective.
To assess whether an AFM image has high resolution, look
for defects and sharp details at the edges of surface features. A
high-resolution image should disclose naturally produced defects of a real-world surface, such as pinholes, scars, and missing
atoms. An example image of an octadecanethiol (ODT) SAM
is shown in Figure 1b, which exhibits surface features characteristic of n-alkanethiol SAMs. Although the surface appears
bumpy and rough, in actuality, the steplike terraces are only
0.25 nm high. Notice
the irregular contours
of the edges of the ter0.6
(a)
(b)
races, details that can
Head
groups
be observed only with
0.5
~30°
a sharp tip. The small
holes scattered over the
0.4
surface are etch pits,
which are produced by
Carbon
surface reconstruction
chains
0.3
and are characteristic
landmarks of a high0.2
resolution image of a
SAM (11). Such highSulfur
resolution images can
0.1
be routinely acquired
Gold
by using AFM in liq100 nm
0.0
uid environments.
Figure 1. (a) Schematic side view and (b) a real surface (500 × 500 nm2 ) of an ODT SAM imaged in ethanol
The properties of
with the use of AFM.
SAMs enable control
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of the functional groups present on the
surface; therefore, these molecules are
good model systems for nanofabrication and for studies of protein adsorption. Nanofabricated SAM surfaces can
be designed to avoid random protein adsorption yet enable highly specific interactions with the proteins to be assayed.
This design can be accomplished by
surrounding nanopatterns of adhesive
SAMs with a matrix that resists protein
adsorption, such as hydroxyl-terminated
alkanethiols or ethylene glycol (12–14).
Few surfaces resist protein adsorption,
and it remains a major research focus to
understand the mechanisms that contribute to protein resistance or adhesion (15, 16).

AFM-based lithography with
SAMs

(a) Bias-induced
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For AFM imaging, a microfabricated
sharp probe is rastered across the sample to profile the surface topography
(17–19). A laser is focused on the back
of the cantilever and deflected to a foursegment photosensitive detector. As the
µm
6 0
µm
10
0
(d) Nanografting
surface is scanned in contact mode, the
Force
Friction
Topography
tip moves up or down, according to surface roughness. The changes in position
of the reflected laser spot incident on the
four segments provide a way to continuously monitor the deflection of the tip.
As the position of the focused laser spot
shifts up or down, images of topography
200 nm
200 nm
are generated; the left and right move0
µm
0.6 0
µm
0.6
ments of the laser spot correspond to
frictional forces, which cause torsional
twisting of the cantilever. An electronic Figure 2. Comparison of SPL methods for SAMs.
feedback loop maintains a constant tip (a) In bias-induced nanolithography, patterns are traced with a metal-coated tip at elevated bias
deflection to control the force applied onto a conductive or semiconductive substrate (adapted from Ref. 20); (b) in DPN, patterns are writduring scans. Height and friction data ten with a tip coated with SAMs by liquid transfer through a capillary meniscus onto bare surfaces
are collected, line by line, to generate (adapted with permission from Ref. 22); (c) in catalytic-probe lithography, a catalytic reaction occurs
where a coated tip touches the surface to chemically change the head groups of SAMs (adapted
maps or images of the surface.
from Ref. 23); and (d) for nanografting, SAM molecules assemble on a gold surface from solution
Concurrent with the invention of onto areas shaved by force with a scanning atomic force microscope tip.
AFM and scanning tunneling microscopy (STM), researchers noticed that the surfaces under inves- chemistry of nanopatterns can be tailored by the selection of
tigation were accidentally altered under certain conditions. Es- molecules to be patterned, with designated chain lengths and
sentially, scanning probe lithography (SPL) was brought about surface groups.
by the development of well-controlled “damage” to surfaces.
The mechanism for writing with bias-induced nanolithogSPL methods enable researchers to selectively and intentionally raphy is thought to involve surface electrochemistry. A conchange the surface chemistry of small areas under the tip of an ductive tip from an AFM or STM instrument is required, and
atomic force or scanning tunneling microscope. Bias-induced writing is accomplished by applying pulses of elevated bias
nanolithography, dip-pen nanolithography (DPN), catalytic- voltage (2–20 V) between the tip and surface (Figure 2a, left).
probe lithography, and nanografting are types of SPL with The substrates must be conductive or semiconductive and are
different writing mechanisms (20–25). The height and surface coated with an insulating SAM layer (Figure 2a, middle). The
M a r c h 1 , 2 0 0 8 / A n a ly t i c a l C h e m i s t r y
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surface in contact with the tip becomes oxidized under ele- induces a catalytic reaction to write nanopatterns by chemically
vated bias, which then provides a reactive site for attaching new changing the terminal groups of the SAM (Figure 2c, middle
molecules to nanopatterns. An example of bias-induced lithog- and right; 23). An atomic force microscope tip coated with an
raphy is shown in a frictional force image (Figure 2a, right) that acidic SAM induced hydrolysis of silyl ether head groups for
reveals rows of 90 nm dot patterns written within a silane SAM the example nanopatterns written with catalytic-probe lithogon a silicon surface (20). The nanopatterns were generated by raphy in the frictional force images in Figure 2c.
applying 17 V pulses of 2 μs duration at 270 nm intervals.
Nanografting uses force to inscribe patterns within a matrix
The dots are composed of carboxylic acid groups produced by SAM while the tip is immersed in a solution containing the
oxidizing the methyl head groups of the silane SAM. Often, molecules for writing (Figure 2d, left). Instruments for AFM
nanopatterns written with bias-induced nanolithography do have tremendous capabilities for controlling the force applied
not produce height changes, so surface modifications cannot to the tip, ranging from piconewtons to nanonewtons. When
be detected with topographic imaging. However, the differ- low forces are used for AFM imaging (<1 nN), the SAM surences are easily distinguished in frictional force images, which faces are not disturbed and can be characterized with high
sensitively detect nanoscale changes in surface chemistry.
resolution. However, when high forces are applied to the tip,
For DPN, a tip is used as a “pen” and is coated with a mo- areas of the matrix SAM are shaved from the surface. Fresh
lecular “ink” for writing on clean substrates in air (Figure 2b, molecules from solution immediately assemble onto the shaved
left; 22, 26). The writing mechanism of DPN involves the areas, following the track of the scanning tip. By returning to
transfer of molecules to the surface
low force, the same tip can be used to charthrough a nanoscopic meniscus that
acterize the nanostructures.
forms between the tip of the atomic
A topographic AFM image of a single
SPL enables
force microscope and the substrate.
square nanopattern of dodecanethiol (200
A water meniscus forms when the
× 200 nm 2) written by nanografting is disresearchers
to
tip is placed on the surface for a cerplayed in Figure 2d, middle. To fabricate
tain amount of time under humid
the nanopattern, the tip was swept 50 times
engineer spatial
conditions. The resolution of writacross the pattern under a force of 3 nN, adten patterns depends on the amount
vancing 2 nm between each sweep. It took
parameters with
of time the tip is held in contact
only 30 s to write the nanopattern. The
with the surface and the size of the
bright colors surrounding the nanostructure
nanometer precision
tip (22). After writing nanopatterns
correspond to tall regions of the sample that
using DPN, an uncoated tip can be
are covered with a 16-MHA SAM, whereas
used to characterize the structures
the dark colors indicate shallow regions that
for placing molethat were written.
are covered with dodecanethiol. A frictional
The time dependency for writing
force image acquired simultaneously with
cules of well-defined
with DPN is demonstrated by frictopography displays differences in surface
tional force images of patterns writchemistry for the nanopattern as shown in
composition.
ten with an atomic force microscope
Figure 2d, right. The color scales for friction
tip coated with n-alkanethiol molecules (Figure 2b). As the duration
of contact between the tip and surface is increased, the circular images depend on the surface frictional forces interacting with
patterns become larger. The DPN patterns also demonstrate the tip and are unrelated to molecular heights. In this examthat there are differences in diffusion properties for different ple, the carboxylate groups of the nanopattern exhibit colors
SAM molecules. Three dark spots of ODT in the center im- that are brighter than the surrounding methyl groups of the
age were written with tip–surface contact durations of 2, 4, dodecanethiol matrix.
and 16 minutes (min) from left to right, respectively (Figure
A useful analogy is that the tip is like a pen for writing on
2b, middle). The white spots in the image were written with surfaces. Molecules of SAMs are the ink, and various surfaces
16-mercaptohexadecanoic acid (16-MHA) with tip–surface are the paper. A comparison of the different mechanisms for
contact times of 10, 20, and 40 seconds (s), respectively (Fig- writing nanopatterns of SAMs is presented in Figure 2. When
ure 2b, right). Protein patterns have been written using DPN choosing a suitable SPL method, researchers need to consider
by directly writing proteins as a molecular ink or by adsorbing what types of surface functionalities are desired, the imaging
proteins onto SAM patterns written by DPN (27–32).
medium, and the nature of the surfaces under investigation.
A newly emerging technique known as catalytic-probe liThe capabilities of SPL enable researchers to advance bethography offers exciting possibilities for SPL. Similarly to yond imaging for nanoscale experiments; spatial parameters
DPN, a coated atomic force microscope tip is used to write pat- can be engineered with nanometer precision for placing molterns; however, the tip coating is a catalytic agent that reacts ecules of well-defined composition. Modern scanning probe
with the head groups on a SAM (Figure 2c, left). As the tip instruments provide programs for directing the scanner movetouches areas of the surface, the molecular coating of the tip ment to write complicated designs, with excellent control for
1364
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ing gold terraces, even after writing nanopatterns;
this shows that the tip was not broken or damaged
during nanografting.
The individual rings are 100 nm in diameter and
were produced by outlining a circle pattern three
times with the tip. In Figure 3a, top, the dark color
of the rings indicates that the molecules of the pat200 nm
100 nm
100 nm
terns are shallower than the surrounding ODT.
The patterns were written at 200 nm spacing in the
2.0
2.0
x and y directions. The close-up image in Figure
1.0
1.0
22 Å
3b, top, reveals the intricate details of the geome15 Å
try and fidelity for reproducibly writing a compli0
0
cated pattern of rings. Bright colors in the frictional
0
200
400
0 50 100 150 200
force image of Figure 3c, top, are the carboxylateDistance (nm)
Distance (nm)
terminated nanopatterns; the dark matrix indicates
Friction
Topography (f)
Topography (e)
(d)
the methyl-terminated ODT. The height difference
between the ODT matrix and the 11-MUA rings
is 0.7 ± 0.1 nm, as measured in the cursor profiles
in the bottom portions of Figures 3a and 3b. This
agrees closely with the theoretical height difference
of 0.7 nm shown in the model (Figure 3c, bottom).
The resolution of nanografting determined from
400 nm
100 nm
100 nm
the line width of the rings is ~10 nm, according to
2.8
2.8
the cursor measurements.
Sixty-four ring patterns of 16-MHA were writ1.4
21
Å
1.4
ten in only 3 min within a matrix SAM of 1115 Å
0
0
mercaptoundecanol (11-MUD) using automated
0.4
0
0.8
1.2
0
150 300 450
nanografting (Figure 3d). The bright rings in the
Distance (µm)
Distance (nm)
topographic images indicate that molecules of the
Figure 3. Nanopatterns of SAMs written with automated nanografting.
patterns are taller than the surrounding matrix. The
nanostructures are nearly perfectly aligned at such
(a) AFM topographic image of four designs written with 11-MUA ink into an ODT
small dimensions, even when a scanner with openmatrix SAM. (b) Close-up and (c) friction image of a single pattern. (a and b, bottom) Cursor profiles for the respective white lines. (c, bottom) Proposed model
loop feedback is used (Figure 3e); a close-up image
for pattern heights in (a) and (b). (d) An array of 64 rings of 16-MHA written within
of nine nanopatterns shows reproducibility and prea matrix of 11-MUD. (e) Close-up image and (f) friction image of nine patterns.
cise alignment of the 50-nm-diameter rings. The
(d and e, bottom) Cursor profiles for the respective white lines. (f, bottom) Proposed model for pattern heights in (d) and (e).
cursor profiles display a height difference of 0.6 ±
0.1 nm between the 11-MUD matrix SAM and
the 16-MHA rings; this corresponds well with the
variables such as the force, speed, bias voltage, residence time, expected theoretical height difference of 0.6 nm (Figure 3f,
and direction of movement of an atomic force microscope tip. bottom). In the friction image (Figure 3f, top), the contrast
Automated SPL provides superb control for rapidly and repro- changes clearly distinguish the differences in terminal groups;
ducibly writing arrays of nanopatterns of SAMs. Parameters the carboxylate-terminated rings are bright, whereas the masuch as the size, arrangement, geometry, spacing, packing den- trix of hydroxyl-terminated ODT is dark.
sity, and composition of patterned test elements of SAMs can
be systematically varied for nanoscale protein assays. Patterns Attaching proteins to SAM patterns
of various sizes, arrangements, and geometries require only the Nanografted patterns of SAMs can be used to anchor proteins
creativity and ingenuity of the experimenter.
for in situ assays. Typically, the dimensions of an atomic force
Example arrays of nanopatterns written with automated microscope tip are tens of nanometers. However, depending
nanografting are shown in Figures 3a–3c; 11-mercaptoundeca- on the applied force and the geometry of the asperities on the
noic acid (11-MUA) was used as the ink molecules and ODT as tip apex, the actual physical area of contact between the tip
the matrix SAM. The array was written within a 0.6 × 0.6 µm 2 and surface may be much smaller; the smallest feature yet proarea, and each design consists of four rings that are inscribed duced by nanografting is a 2 × 4 nm 2 dot of ~32 thiol molsymmetrically around a common focal point. The in situ AFM ecules (33). Because protein dimensions are on the order of
topographic images were acquired in ethanol immediately after tens to hundreds of nanometers, the nanopatterns produced
writing the nanopatterns without changing tips. High-resolu- by SPL are an ideal size for defining the placement of proteins
tion AFM images display etch pits and features of the underly- on surfaces. The terminal moieties of nanopatterns mediate
Height (nm)

Height (nm)

(b)

Height (nm)

Topography

Height (nm)

(a)

Topography

(c)

Friction
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teins or antibodies be immobilized on a surface (40, 41). One
such strategy is the sandwich assay for protein detection. A target
2.0
protein or antibody is attached to
a surface, and then a solution containing tagged molecules is introduced. Tags include nanopar0
0
200
400
600
ticles, fluorescent markers, radio200 nm
200 nm
Distance (nm)
labels, quantum dots, and other
Topography (e)
Friction
(d)
(f)
nanomaterials. After binding to
the surface, antibodies are sand4.0
wiched between the marker molecules and the surface-bound pro2.0
teins. The proteins are visualized
by optical or fluorescence microscopy using labeled detection anti0
bodies or by chemically labeling
0
200
400
600
the proteins before applying them
200 nm
200 nm
Distance (nm)
to arrays.
Figure 4. Nanoscale protein assay for the adsorption of SpA on SAM nanopatterns.
A good starting point for developing
nanoscale protein as(a) An array of 11-MUA squares written in an ODT matrix and (c) the corresponding friction image;
says is to investigate well-known
(b) cursor plot along the white line. (d) Same area after adsorption of SpA and (f) the corresponding
friction image; (e) cursor plot along the white line.
model protein systems and surface
immobilization chemistries. This
is considered a “top-down” apthe type of binding for proteins, such as covalent, electrostatic, proach for nanotechnology, because the same conditions used
specific interactions, or molecular recognition (20, 32, 34 –36). for macroscopic assays are diluted to the nanoscopic regime.
Lithography parameters can be used to precisely control the ar- A practical protein for nanoscale assays is staphylococcal prorangement and density of nanometer-level SAM binding sites, tein A (SpA), which has a molecular weight of 42,000 and an
in which areas of protein-adhesive terminal groups are written estimated Stokes radius of 4.0 nm (42). Many immunological
within a resistive-matrix SAM.
methods have been developed and refined with the use of SpA
Several of the initial nanoscale studies using nanografted as a reagent, including immunoprecipitation techniques and
SAM patterns for protein immobilization were conducted in sandwich immunoassays. The amino acid sequence of SpA is
1999 by Liu and co-workers (37). Since then, a number of in- composed of five homologous IgG-binding domains. Purified
vestigators have taken advantage of the flexibility of SPL with SpA is known to bind at least two IgG molecules, and the afSAMs and developed techniques to probe the chemistry of bio- finity constant is ~108 L/mol for human or rabbit IgG (43).
molecular interactions (38, 39). In the initial investigations of Protein A has a highly stable 3D structure over a wide range of
protein immobilization on nanografted SAMs, Wadu-Mesth- temperature and pH conditions. We have chosen to investigate
rige and Liu used different functional groups of nanopatterned surface reactions with SpA because it provides a generic founalkanethiol SAMs to mediate the electrostatic or covalent dation for binding a broad range of IgG interactions.
binding of immunoglobulin G (IgG) and lysozyme (37 ).
Proteins can be covalently linked to nanopatterns by usThe reactivity and stability of protein nanopatterns were ing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydroalso investigated, demonstrating the retention of specific bind- chloride (EDC) and N-hydroxy-succinimide (NHS) activation
ing activity of the immobilized proteins for antibodies (33, 36). of the SAM carboxylic acid head groups (44). The activation
Protein patterns remained attached to nanopatterns, even after of 11-MUA surface carboxylic acid is achieved by immersing
rinsing with buffer and surfactant solutions, and were stable the substrate in an aqueous NHS/EDC mixture for 30 min.
for at least 40 hours (h) of AFM imaging. The smallest pattern Initially, the EDC converts the carboxylic acid groups into a
of proteins produced by nanografting is a 10 × 150 nm 2 line reactive O-acylisourea intermediate that is unstable in aquecontaining three proteins (36). A key advantage of the nano- ous solution and does not have a sufficient lifetime for a twografting protocol is the ability to conduct experiments in situ step conjugation procedure. Usually, EDC and NHS are used
and visualize the successive changes in surface topography af- together in a 1:1 ratio to generate an activated complex with
ter the steps of nanopatterning SAMs, rinsing, and introduc- a more stable reactive intermediate (N-succinimidyl ester) to
ing buffers or protein solutions. The protein patterns remain give a greater reaction yield. Cross-linking occurs during the
immersed in an aqueous buffer throughout the experiment.
30 min incubation at room temperature. The resulting NHS
Microscale assays with biochips require that either the pro- ester can interact via a nucleophilic substitution reaction with
Topography (b)

4.0

Height (nm)

Height (nm)

(a)
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(c)

Friction

Height (nm)

accessible α-amine groups present on the N-termini of proteins layer. After protein adsorption, the changes in surface moror the ε-amines on lysine residues. The proteins are covalently phology and chemistry are visible in Figures 4d and 4f, respecattached to the nanopatterns by forming a Schiff’s base linkage tively. The contrast of the patterns in the frictional force image
to make complexes with the 11-MUA carboxylic acid groups.
has changed, because soft and sticky proteins have friction and
For an in situ protein patterning experiment, 16 square adhesive properties that are markedly different than the surnanopatterns (100 × 100 nm 2) of 11-MUA were written within faces of 11-MUA patterns. The changes in height after protein
ODT arranged in a 4 × 4 array (Figure 4a). The nanopatterns adsorption can be measured with cursor profiles (Figure 4e).
are spaced only 50 nm apart within each row, and the rows are An average change in height of 4.0 ± 0.5 nm was measured,
spaced vertically at 100 nm intervals. The geometry of each which corresponds to a “side-on” (3.5-nm-thick) orientation
nanopattern is neatly square and regular at nanoscale dimen- of SpA on the surface. Interestingly, the smaller nanopatterns
sions, as evident in the friction image (Figure 4c). There are a at the left corners of the array elements do not exhibit SpA adfew additional marks and line patterns caused by the tip. These sorption. Experiments in progress indicate that longer immersmall patterns are written by the slight twist of the tip as higher sion intervals are needed for protein adsorption to take place
force is applied during writing. To achieve symmetrical square on such small nanopatterns.
nanopatterns, the tip orientation must be well aligned with the
During successive in situ steps of an AFM-based nano
surface at the nanoscale, and the scanner must be precisely cali- scale assay, changes in the height and morphology of protein
brated. If the tip is slightly tilted, then patterns will be written nanopatterns can be monitored. As molecules bind to nanopatas parallelograms or rectangles rather than as squares.
terned areas with well-defined chemistries, sequential real-time
Piezoceramic tube scanners
are subject to the effects of drift,
hysteresis, and nonlinearity (45).
(c)
(a)
10.0
These imperfections influence
the alignment and spacing for
8.0
arrays of nanopatterns written
6.0
with SPL. Also, the tip shape can
4.0
affect the outcome when writing
(d)
(b)
patterns. For the AFM images in
2.0
Figure 4, the end of the tip has
0
multiple asperities and a double
0
100 200 300
tip artifact is observed. At the
Distance (nm)
top left corner of each pattern,
tiny dot patterns (15–20 nm)
Figure 5. Successive AFM images of the steps of a nanoscale protein assay.
were produced by the second tip
(a) Topographic image and (b) friction image of 11-MUA nanopatterns nanografted within ODT; (c) after
scratching the surface under high
SpA adsorption; and (d) after binding IgG. (right) Combined cursor profiles along the white lines for
(a) red, (c) green, and (d) black lines.
force. These smaller nanopatterns are clearly distinguishable
in the frictional force image.
The difference in height between 11-MUA nanopatterns AFM images reveal reaction details at a molecular level, proand ODT measures 0.7 ± 0.2 nm, shown by the cursor profile viding a direct visualization of biochemical reactions. An addifor the white line (Figure 4b). After nanografting, a 1:1 aque- tional advantage of an in situ AFM approach for protein assays
ous solution of 0.2 M EDC and 0.05 M NHS was introduced is that environments can be well controlled by using aqueinto the atomic force microscope cell to react for 30 min. The ous buffers and temperature stages. Typically, only single laycell was then rinsed twice with phosphate-buffered saline, and ers of proteins attach to nanopatterns. High-resolution AFM
a solution of 0.05 mg/mL SpA solution was introduced and images can even resolve the different orientations of proteins
incubated for 30 min. Finally, the cell was rinsed with water on nanopatterns by using height measurements. For example,
and ethanol to completely remove any unreacted protein. The height changes were used to determine whether the immobilitip used for this experiment was precoated with octadecyltri- zation chemistry resulted in a side-on or an end-on orientation
chlorosilane to minimize tip–sample interactions and improve for IgG molecules (36). After sweeping the surface with the
resolution (46).
tip and imaging the protein patterns for 4 h, the proteins did
After chemical activation and protein immobilization, the not detach and were not swept away by the scanning motion
same array of nanostructures was imaged in ethanol with AFM of the tip. This robust attachment enables additional experi(Figure 4d). All of the steps of nanografting, NHS/EDC acti- mental steps, such as introducing peptides, antibodies, DNA,
vation of carboxylate groups, and protein adsorption were ac- or proteins.
complished in situ with the same tip, and the entire experiment
Of course, there are a few experimental limitations. The imwas completed in ~3 h. The SpA molecules bind selectively mobilization chemistries that work best for nanoscale experionto the surfaces of 11-MUA nanopatterns, forming a single ments should proceed under aqueous conditions to preserve
M a r c h 1 , 2 0 0 8 / A n a ly t i c a l C h e m i s t r y
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protein activity. Also, investigations should be
completed by using very dilute protein solutions
to regulate the reaction rate so it transpires over
time intervals of 20–30 min. One concern is that
the motion and force of the scanning tip can
sweep away adsorbates or perturb the reaction.
To address this issue, the immobilization chemistry must be sufficiently robust to enable continuous imaging and scanning by the tip. Imaging
in liquids facilitates the use of small imaging forces (0.05–0.2
N/m) because the adhesive interactions between the tip and
sample are minimized (47, 48). An intrinsic advantage of using
AFM instruments is that forces can be controlled precisely on
the order of piconewtons to nanonewtons.
In another example, eight patterns of 11-MUA were written within an ODT-matrix SAM (Figure 5a). The topographic
image does not exhibit sharp contrast, because the dark circular pits (defects in the underlying gold film) limit the range
of contrast that can be digitally displayed. The simultaneously
acquired frictional force image (Figure 5b) for the same area
more clearly displays the geometries of the two rows of 100
× 90 nm 2 rectangular nanopatterns, which are horizontally
spaced at 75, 75, and 50 nm intervals from left to right. In the
vertical direction, the rows are precisely spaced 65 nm apart.
A few stray marks written on the left sides and above the top
row are evident, caused by the tip during approach and retract
cycles.
After the patterns were incubated in NHS/EDC solution
for 30 min, SpA was introduced into the sample cell. The
nanopatterns were exposed to the protein solution for 30 min
within the liquid cell, then the cell was rinsed several times
with deionized water. After SpA adsorption, the heights of the
patterns changed (Figure 5c). The nanopatterns have brighter
contrast than the matrix SAM, which indicates tall surface features. The proteins have a strong interaction with the tip operated in contact mode, and this interaction produces line spikes
in the horizontal direction along the path of the scanning tip.
Next, rabbit IgG was introduced to the liquid cell, which enabled the surface changes to be seen. After 30 min of incubation with IgG, the patterns became slightly taller and wider
(Figure 5d). The tip–surface adhesion also changed, because
the patterns no longer display line spikes, which are caused by
stick–slip interactions.
A more quantitative nanoscale measurement is presented
in the combined cursor profile for lines drawn across the two
top-right nanopatterns in Figures 5a, 5c, and 5d. Successive
changes in the nanopattern heights after each step of the protein binding assay can be measured with angstrom precision
during the in situ experiment. The height increased by 3.0 ±
0.4 nm after SpA adsorption and by 3.6 ± 0.4 nm after binding IgG; this is consistent with the expected dimensions for a
single layer of proteins.

Future directions

Nanoscale studies with proteins facilitated by SPL will assist
in the development of approaches for immobilization and bio1368
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conjugation chemistries, which are key to manufacturing biochips and biosensing surfaces. Current technology can produce micrometer-sized
topologies for surfaces; however, to realize further miniaturization at the nanoscale will require
revolutionary new methods, such as SPL.
The serial nature of SPL may be problematic for applications that require high throughput. Prototype arrays of 1024 and 55,000 AFM
probes have been developed for high-throughput nanopatterning (49, 50). At this time, nanoscale studies with AFM enable
new approaches to refine critical parameters used to link and
organize proteins on surfaces of biochips and biosensors. With
in situ AFM characterizations, the orientation, reactivity, and
stability of protein molecules adsorbed on SAM nanostructures can be monitored with successive time-lapse images using
near-physiological conditions. These new investigations provide the groundwork for advancing biotechnology toward the
nanoscale and furnish molecular-level information through the
visualization of biomolecular reactions on surfaces.
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